We show simulation results of the integration of a nanoantenna in close proximity to the active material of a photodetector. The nanoantenna allows a much thinner active layer to be used for the same amount of incident light absorption. This is accomplished through the nanoantenna coupling incoming radiation to surface plasmon modes bound to the metal surface. These modes are tightly bound and only require a thin layer of active material to allow complete absorption. Moreover, the nanoantenna impedance matches the incoming radiation to the surface waves without the need for an antireflection coating. While the nanoantenna concept may be applied to any active photodetector material, we chose to integrate the nanoantenna with an InAsSb photodiode. The addition of the nanoantenna to the photodiode requires changes to the geometry of the stack beyond the simple addition of the nanoantenna and thinning the active layer. We will show simulations of the electric fields in the nanoantenna and the active region and optimized designs to maximize absorption in the active layer as opposed to absorption in the metal of the nanoantenna. We will review the fabrication processes.
INTRODUCTION
Improved infrared detector performance is always a demand from end users. Nanoantennas are an enabling technology for visible to terahertz components and may be used with a variety of detector materials. In the work described here, we design and fabricate nanoantennas integrated with proven InAsSb detector technology. Nanoantennas offer a means to make infrared detectors much thinner, thus lowering the dark current and improving performance. The nanoantenna is the enabling component of these thin devices, and its incorporation with the detector material is the primary challenge. The nanoantenna is a subwavelength periodic structure; several periods are contained in each linear dimension for each array pixel.
Whereas a traditional detector needs to be several microns thick to fully absorb an incident plane wave, a nanoantennaenabled detector can use a much thinner layer of active material. This is the result of the concentration of energy in surface waves. The surface waves are concentrated in a small volume directly under the nanoantenna surface. Thus, the active layer only needs to contain the volume of these enhanced electric fields.
Even with the collection of every photon (none reflected), the performance of a traditional detector at low photon flux may be limited by noise associated with detector dark current. The reduction of the active layer volume by over an order of magnitude is what allows the detector to have a lower dark current, or operate at higher temperatures for the same dark current. Furthermore, it allows more flexibility in the amount of strain in the materials, thus allowing the cutoff wavelength to be tuned to a larger extent than in thicker layers.
The nanoantenna converts incident plane waves into surface waves at the metal interface. These surface modes conduct energy around the metal surface to the backside of the patterned metal. Here the energy may be converted by the active material to carriers. An example nanoantenna is shown in Figure 1 along with the electric field that can be seen to conform to the metal surface. The nanoantenna consists of a top patterned metal layer, the active material and other semiconductor layers, and a back metal ground plane. By sandwiching the active material between a patterned metal layer and a metal back plane, the metal for the two contacts of the pixel are readily available.
The shape and dimensions of the nanoantenna determine the spectral and polarization passband. The pattern is defined lithographically and is therefore easily changed from pixel to pixel. This allows the detector to perform functions now performed with external polarizers or filters, albeit with decreased resolution. 
FABRICATION
Integration of the nanoantenna in close proximity to the active absorber layer presents several fabrication challenges. One fabrication process involves patterning the nanoantenna first. This ensures a flat, unadulterated surface for the ebeam processing. The process described here is for the case of illuminating the detector through a sapphire handler wafer.
For nanoantenna-first processing, the expitaxial layers are grown on a GaSb substrate in reverse order compared to the normal sequence for detector epitaxial layer design. The epilayers include a 100nm InAsSb etch stop layer, 50nm ptype GaSb contact layer, 100nm AlGa 0.15 AsSb electron barrier, 100nm InAsSb absorber, and a 50nm AlGa 0.15 AsSb absorber passivation layer. We have found that adding 15% Ga to the wide gap AlAsSb is effective in preventing oxidation of the layer when exposed to air. The absorber layer is near the surface, covered only by a thin, unintentionally doped wide-band gap semiconductor that acts as a surface passivation for the absorber. The passivation layer is critical for a thin absorber where surface/interface generation/recombination effects can dominate the detector performance.
Next, the nanoantenna pattern is created on the surface of the passivation layer using a combination of e-beam lithography and subsequent metal deposition and liftoff. The nanoantenna is encapsulated with silicon nitride to provide a uniform refractive index and to promote the adhesion of benzocyclobutene (BCB), which is spin-coated onto the nitride. A handle wafer of sapphire is also coated with nitride and BCB and bonded to the BCB coating on the nanoantenna sample.
We have found that the BCB must be fully cured in nitrogen ambient during the bonding process so that the bonded epilayers remain flat and stable after substrate removal. If the BCB is not fully cured, the epitaxial layers develop buckling and delamination during subsequent processing steps. Additionally, bubbles may form in the BCB, as shown in Figure 6 . However, the nanoantenna metal can potentially spike through the thin passivation layer and contaminate the absorber at the elevated temperatures required during the BCB cure. We have found that a thin layer of Ti beneath the Au of the nanoantenna and above the AlGa 0.15 AsSb passivation layer is effective in preventing Au from reacting with the passivation layer during the BCB bonding process. Once the sample is successfully bonded to the sapphire handle wafer, the GaSb substrate is thinned down to 50μm using lapping/polishing. The remainder is chemically etched in a solution of 1 part 1M CrO 3 to 2 parts 100:1 de-ionized (DI) H 2 O:HF (49 wt. %). The substrate etch selectively stops on an InAsSb sacrificial layer. The InAsSb is then selectively removed in a 1:1 solution of citric acid:H 2 O 2 (30wt. %). The citric acid solution is made by mixing 1g anhydrous citric acid per 1ml DI. The etch terminates on the GaSb cap layer, where fabrication of detectors begins.
Detectors are fabricated using a mesa etch isolation process which terminates on the AlGa 0.15 AsSb barrier layer. Thus, the absorber surface is passivated at both interfaces by AlGa 0.15 AsSb. Testing of the detectors is made more difficult by the inability to wirebond to the top contact of the detectors. We find that the ball-and-wedge bonding process results in tearing of the metal pad. Apparently, this problem results from the delicate condition of the epilayers bonded with the BCB. Therefore, we are currently pursuing alternative designs to circumvent the problem of wirebonding directly to the detectors.
CONCLUSIONS
Infrared detector performance can be enhanced through the use of nanoantenna devices in the form of a subwavelength patterned metal surface. This broad area metal nanoantenna completely covers the pixel face, converting incident radiation to bound surface modes. These highly confined modes allow us to greatly thin the active layer of the detector, thus reducing the dark current. Moreover, the nanoantenna offers optical filtering features such as polarimetry and spectral selectivity that may be varied pixel to pixel.
Advantages of the nanoantenna would be lost if the nanoantenna were simply patterned on a traditional detector design. The design of the detector layers and the lateral dimensions of the nanoantenna require optimization to maximize the absorption in the active layer. In the example of this paper, we use an nBn InGaAs detector. The fabrication of the detector layers and nanoantenna are not the same as for a traditional detector, requiring close cooperation between fabrication and modeling efforts.
The fabrication process involves writing the nanoantenna early in the fabrication process, immediately after growth of the epitaxial layers. The bonded wafer process we use is described, allowing the thin epi layer to be separated from its original GaSb substrate on which it was grown. Benzocyclobutene is used as an adhesion layer of the epitaxial layers to the sapphire handler wafer to be used for the characterization phase.
